ABSTRACT: The physiologic properties of glucagon-like peptide 1 (GLP-1) make it a potent candidate drug target in the treatment of type 2 diabetes mellitus (T2DM). GLP-1 is capable of regulating the blood glucose level by insulin secretion after administration of oral glucose. The advantages of GLP-1 for the avoidance of hypoglycemia and the control of body weight are attractive despite its poor stability. The clinical efficacies of long-acting GLP-1 derivatives strongly support discovery pursuits aimed at identifying and developing orally active, small-molecule GLP-1 receptor (GLP-1R) agonists. The purpose of this study was to identify and characterize a novel oral agonist of GLP-1R (i.e., myricetin). The insulinotropic characterization of myricetin was performed in isolated islets and in Wistar rats. Long-term oral administration of myricetin demonstrated glucoregulatory activity. The data in this study suggest that myricetin might be a potential drug candidate for the treatment of T2DM as a GLP-1R agonist. Further structural modifications on myricetin might improve its pharmacology and
Type 2 diabetes mellitus (T2DM) remains a serious global health threat, and its prevalence is increasing at an epidemic rate (1) . The evidence suggests that the incidence of T2DM is increasing in children and adolescents (2) (3) (4) (5) . T2DM can lead to metabolic syndrome, which is a cluster of metabolic abnormalities that includes glucose intolerance, hypertension, hyperlipidemia, and a noninfective inflammatory state (6) (7) (8) . Additionally, the metabolic syndrome induced by T2DM can increase the risk of cardiovascular disease (CVD), which is the primary cause of premature death in patients with type 2 diabetes (9-11). The development of novel antidiabetic medicines has not ceased in the decades since the discovery of the utility of insulin. Developments in molecular biology and cell biology have contributed to novel drugs that act on updated targets or mechanisms of T2DM, such as glucagon-like peptide 1 (GLP-1).
GLP-1 was discovered in 1990 and is gut hormone that is released from intestinal L cells after oral glucose administration (12) . The function of GLP-1 is to stimulate the secretion of insulin, which balances abnormal blood glucose levels (13) (14) (15) (16) (17) . Compared with the direct administration of insulin, GLP-1 is an intelligent approach to achieving blood glucose control in a blood glucose level-dependent manner because GLP-1 stimulates the secretion of insulin based on increased glucose levels. In healthy conditions, the function of GLP-1 is halted to prevent the risk of hypoglycemia, which is a main side effect of the use of insulin by patients with type 2 diabetes (18, 19) . GLP-1 has been demonstrated to regulate blood glucose concentrations by mechanisms that include enhancing insulin synthesis/secretion, suppressing glucagon secretion, slowing gastric emptying, and enhancing satiety (20) . GLP-1 is also capable of inhibiting the apoptosis of b-cells, which suggests that GLP-1 might recover the b-cell functions that are impaired in patients with T2DM (21) . The distinct clinical utility of GLP-1 makes it a potent therapeutic strategy for T2DM. However, the poor stability of GLP-1 (3-5 min) has significantly limited its clinical utility because of the rapid degradation, which is catalyzed by the enzyme dipeptidyl peptidase IV (DPP-IV) (22) . The extremely poor stability renders the therapeutic administration of GLP-1 impractical; therefore, many efforts have focused on altering the pharmacokinetic properties of GLP-1 and identifying a synthetic GLP-1 receptor (GLP-1R) agonist.
Myricetin is a flavonoid extracted from the leaves of Myrica rubra (Lour.) Sieb. et Zucc (23) . Accumulating evidence suggests that myricetin possesses antidiabetic properties that are mediated via regulation of the transport of glucose through the function of glucose transporter-2 in Xenopus laevis oocytes (24) . It has also been hypothesized that the glucose-regulating effects of myricetin are partially attributable to associations with glucose transporter-4 (25, 26) . In addition to the associations with glucose transporters, myricetin might exhibit effects on other glucose regulation mechanisms (27) . Myricetin has been observed to increase the activity of glycogen synthase 1 in the hepatocytes of rats with diabetes (28, 29) . Recent evidence suggests that myricetin administration might be beneficial for increasing insulin sensitivity and inhibiting islet b-cell apoptosis (30) . However, the effects of myricetin on glucose regulation in animal models of type 2 diabetes are not fully understood.
Myricetin has been hypothesized to be a natural GLP-1R agonist in this study because the physiologic characteristics of myricetin described in the literature are similar to those of GLP-1, including the inhibition of b-cell apoptosis, glucoregulation, and the prevention of hypoglycemia. In the present study, the effects of myricetin on GLP-1R and the role of myricetin in glucose clearance were investigated in vitro and in vivo.
MATERIALS AND METHODS

Materials
The cAMP kits were purchased from CisBio Bioassays (Bedford, MA, USA). The rat INS-1 cell line was obtained from Ying Li (Tianjin Medical University General Hospital). The rat insulin and leptin detection kits were purchased from Phoenix Technology, Inc. (Beaverton, OR, USA). A 1-touch blood glucose meter and filters were purchased from Abbott (Shanghai, China). Myricetin (HPLC purity .98.0%) was obtained from Sigma-Aldrich (6760; St. Louis, MO, USA). The other chemicals were purchased from Sigma-Aldrich unless otherwise specified.
Animals
Kunming mice, male ZDF (fa/fa) rats, lean male ZDF rats, and male Wistar rats were purchased from Shanghai Laboratory Animal Co. (China Academy of Sciences, Shanghai, China). Male GLP-1R-knockout (GLP-1RKO) mice were derived from heterozygous mating pairs (AppTech.12630.TJIPR; WuXi, Shanghai, China). These GLP-1R-deficient mice are a knockout model in which the transgenic construct contains a PGK-neo cassette replacing 2 coding exons of the GLP1R gene in the same transcription orientation, along with 4.8 and 3.5 kb of the GLP1R sequence 59 and 39 to the PGK-neo sequence. The loss of these exons equates to absence of the first and third transmembrane domains and the intervening sequence of the GLP-1R.
Ethics statement
All animal studies were performed in accordance with the approved guidelines of the Animal Experiments Inspectorate of China. All experimental protocols were approved by the Tianjin Institute of Pharmaceutical Research committee (TJIPR0267-003-02).
Receptor binding assay
Binding affinity measurement was carried out in 96-well microtiter plates in buffer containing 25 mM Hepes/0.1% bovine serum albumin (pH 7.4). Myricetin was dissolved in buffer.
125 I-GLP-1(7-37) (80 kBq/pmol) (APP TEC; WuXi) was dissolved in buffer and added at 50,000 cpm per well. Nonspecific binding was determined with 1 M GLP-1 solution. Buffer (165 ml) with or without GLP-1 was added to each well, followed by 10 ml myricetin/25 ml plasma membrane/ 25 ml tracer. The plates were then incubated at 37°C for 1 h. The bound tracer and the unbound tracer were separated by vacuum filtration (Millipore vacuum manifold; Millipore, Billerica, MA, USA). Prism software (GraphPad, La Jolla, CA, USA) was used for all curve fittings. The binding curves were fitted as 1-site competition, and the saturation data were fitted as 2-site binding.
cAMP stimulation assay
For the cAMP assay, INS-1 cells (1.0 3 10 5 cells; passage number, 2) were seeded and plated in 96-well opaque white plates. After 24 h, the medium was replaced with RPMI 1640 medium containing 500 mM 3-isobutyl-1-methylxanthine (an inhibitor of cAMP phosphodiesterase). Subsequently, myricetin was titrated into the incubations to a final concentration of 3 mM. The assay plate was titrated with 2.5 ml/well cAMP and an equal volume of anti-cAMP conjugate after 1 h of incubation. The homogeneous time-resolved fluorescence signal was read on a SpectraMax M5 (Molecular Devices, Sunnyvale, CA, USA) microplate reader after 60 min. The ratio of the absorbances at 665 and 620 nm (310,000) was calculated and plotted.
Glucose-dependent insulin secretion assay in islets
Male Wistar rats (8-9 wk old; ;300 g) were killed by CO 2 asphyxiation, and the islets were isolated. The common bile duct was cannulated with a 27-gauge needle, and the pancreas was distended with 10 ml of HBBS (Sigma-Aldrich) containing 2% bovine serum albumin (Sigma-Aldrich) and 1 mg/ml collagenase (Sigma-Aldrich). Subsequently, the pancreas was removed and digested in HBSS at 37°C. The islets were purified on a Histopaque (Histopaque-1077:Histopaque-11991 mixture; Sigma-Aldrich) gradient for 18 min at 750 g. The islets were cultured overnight in RPMI-1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA, USA).
The insulin secretion was examined by performing a static incubation assay in EBSS culture (Thermo Fisher Scientific). The islets were incubated in Earle's balanced salt solution containing 3.3 mM glucose at 37°C for 30 min. Three size-matched islets were then selected and incubated in 0.3 ml of Earle's balanced salt solution containing the indicated amount of glucose (normal blood glucose condition of 3.3 mM or high blood glucose condition of 16.7 mM) in the presence of 3 mM myricetin at 37°C for 90 min. The supernatants were collected and assayed for secreted insulin using a rat insulin RIA kit (Meso Scale Diagnostics, Rockville, MD, USA).
Insulin secretion assay in Wistar rats
The insulin secretion assays were performed by injecting these derivatives into male Wistar rats (n = 6 per group; ;300 g). GLP-1 (100 mg/kg body weight) was subcutaneously injected, and myricetin (250 mg/kg body weight) was administered orally. Glucose (2 g/kg body weight, which is a standard dose for glucose administration) was administered intraperitoneally 30 min after the peptide injection. Blood samples were collected via tail vein incisions at the indicated times after glucose administration. The blood samples were assayed for the insulin levels using a rat insulin RIA kit.
Glucose tolerance test
To clarify whether myricetin possessed glucose-regulating activity, single-dose glucoregulatory assays were performed. In these assays, myricetin was administered once, and the blood glucose levels were monitored over 48 h. We presumed that the apparent half-life of myricetin could be obtained with this single-dose glucose tolerance test (GTT), and this information would be beneficial for the determination of the appropriate administration frequency for future long-term GTTs. After a period of food withdrawal, myricetin (250 mg/kg body weight) was administered orally to male Wistar rats (n = 7 per group; ;300 g) 30 min prior to glucose administration. GLP-1 and liraglutide were injected into the control animals. The rats were given 2 g glucose per kilogram body weight via intraperitoneal injections. Blood was drawn from the tail vein, and the glucose levels were measured using a glucometer 30 min after glucose administration. Chronic glucose injections (2 g/kg body weight) were administered 30 min prior to each blood glucose measurement time point during the 48-h experimental period. After the observations of the glucose clearance activity of myricetin, the dosage-effect relationship of myricetin was investigated after 12 h of treatment with dosages of 5, 50, 250, and 500 mg/kg.
HbA 1c and body weight measurement
Based on the glucoregulatory properties exhibited by myricetin, the long-term glucose tolerances of ZDF rats were investigated to determine the antidiabetic activities of the derivatives. The HbA1c levels were assessed using a DCA 200 analyzer (Bayer Diagnostics, Tarrytown, NY, USA), and the body weights and glucose levels were monitored during the experimental period. Male ZDF rats (n = 10 per group) were treated with myricetin (250 mg/kg/12 h) for the entire experimental period (40 d). The control groups were injected with wild-type GLP-1 (100 mg/kg/ 12 h) and liraglutide (300 mg/kg/24 h).
Myricetin measurements in GLP-1RKO mice
We further characterized the effect of myricetin on GLP-1RKO mice to provide direct evidence supporting myricetin as an agonist for GLP-1R. A 24-h GTT was performed in GLP-1RKO mice (n = 7 per group; ;26 g) upon the administration of myricetin. In this experiment, myricetin was administered either orally or by intravenous injection. Glucose was given at dosage of 2 g/kg body weight 30 min before administration of myricetin. Blood glucose levels were monitored throughout the 48-h experiment.
Real-time PCR
RNA was isolated from the harvested INS-1 cells treated with myricetin (10 nM, 100 nM, 500 nM, 1 mM, and 3 mM) for 24 h using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. cDNA was produced from the extracted RNAs using the cDNA synthesis kit (Fermentas, Waltham, MA, USA). Each forward and reverse primer (10 pmol, 0.2 ml) and 2 ml cDNA were added to the PCR reaction mix (final volume, 25 ml) containing 12.5 ml of SYBR Green Master Mix (Fermentas) and 10.1 ml DNAse-free water. The primer sequences of Glut-2 were as follows: forward, CAGCTGTCTTGTGCT-CTGCTTGT; reverse, GCCGTCATGCTCACATAACTCA. PCR amplification was done over 40 cycles using the following pro-
Statistical analyses
Student's t tests were used to analyze the data. Unless otherwise stated, the results are reported as the means 6 SE. Values of P , 0.05 were considered significant.
RESULTS
Myricetin is a small chemical agonist for GLP-1R
As a potent agonist of GLP-1R, the receptor binding assay of myricetin against GLP-1R was performed initially. In radioligand-binding experiments, myricetin bound to the receptor in a concentration-dependent manner, and the EC 50 was calculated to be 465.75 6 33.24 nM (Fig. 1) . GLP-1 is capable of stimulating the 
To examine this property of myricetin (structure in Fig. 1 ), pancreatic islets isolated from Wistar rats were incubated in either normal-glucose (3.3 mM) or high-glucose (16.7 mM) medium. Neither GLP-1 nor myricetin stimulated the secretion of insulin into the medium after 90 min of incubation at the normal glucose level (3.3 mM) (Fig. 2A) . However, in this condition, the incubation of islets with sulfonylurea glibenclamide (5 mM) led to a significant increase in the insulin concentration in the incubation mixture.
As an agonist of GLP-1R in islets, GLP-1 exhibited the appropriate insulinotropic properties in the highglucose concentration of 16.7 mM. As predicted, the treatment of the islets with myricetin in the highglucose condition caused a 3-fold increase in the insulin level (Fig. 2B) . The ability of myricetin to cause cAMP accumulation in the INS-1 cells (Fig. 3A) , in combination with its glucose-dependent insulinotropic activity, supports the conclusion that myricetin is a GLP-1R agonist.
Because insulin secretion activity is considered to be an important characteristic trait of a GLP-1R agonist (31) , whether a novel agonist exhibits this property is a crucial indicator in the evaluation of the success of the development of a GLP-1R agonist or GLP-1 derivatives. To explore the in vivo insulinotropic effects of myricetin, glucose-stimulated insulin secretion was measured in Wistar rats undergoing a GTT. In this study, the insulinotropic properties of myricetin were ascertained in Wistar rats, and GLP-1 (100 mg/kg body weight) was used as a control (Fig. 3B) . In the rats treated with only wild-type GLP-1, the administration of oral glucose dramatically increased the insulin level to 745.30 6 42.48 pM at 5 min, and this level returned to baseline (210.45 6 31.94 pM) by 30 min. Myricetin, which possesses physiologic insulinotropic characteristics, exhibited similar temporal features (Fig. 3B) . The insulin secretion response induced by myricetin observed in this assay was consistent with the effects demonstrated by peptide GLP-1R agonists, which supports the results obtained from the islet assays that demonstrated that myricetin is a glucose-dependent insulin secretagogue.
Blood glucoregulatory properties of myricetin
To examine the blood glucose clearance activity of myricetin, GTTs were performed 48 h after single-dose administrations of myricetin, GLP-1, or liraglutide into male Wistar rats (n = 6 per group). The peptides were injected subcutaneously, myricetin was orally administered 1 h before the first measuring point, and glucose was administered 30 min before the first measuring point. The glucose concentrations in the rats treated with GLP-1 remained at the plateau of approximately 12 mM throughout the 48-h experimental period (Fig.  4) . Presumably, the GLP-1 had been degraded before the first measuring point (1 h after GLP-1 administration). However, the rats injected with myricetin exhibited better glucose tolerance in this single-dose injection experiment than those treated with GLP-1. The treatment with myricetin resulted in blood glucose levels that were maintained at 7.5-8.5 mM over 8 h, and these results were similar to those after liraglutide administration. Additionally, myricetin seemed to exhibit a similar glucoregulatory duration (0-8 h), which suggests that myricetin might possess a halflife similar to that of liraglutide (11.3 h). In a combination dose-efficacy assay, it was suggested that administration frequency of myricetin could be reduced to 2 injections each day at dosage of 250 mg/kg body weight orally (Fig. 4B) . Figure 2 . Myricetin increases glucose-dependent insulin secretion from Wistar rat islets. A) Insulin concentrations from the Wistar rat islets incubated in medium containing low glucose (3.3 mM) and either GLP-1 (100 nM), myricetin (3 mM), or the sulfonylurea glibenclamide (5 mM). B) Insulin concentrations from the Wistar rat islets incubated in medium containing high glucose (16.7 mM) and either GLP-1 (100 nM) or myricetin (3 mM). All islet treatments were performed for 90 min. The results are expressed as the means 6 SEM. *P , 0.05.
Long-term treatment with myricetin
To evaluate the profile of the physiologic effects of longterm treatment with myricetin, the glucose levels, HbA 1c levels, and body weights of ZDF rats were monitored over 40 d in Fig. 5 . In this trial, the blood glucose levels and body weights were monitored every 3 d. After 40 d of treatment with myricetin, the HbA lc levels decreased by 0.97 6 0.01% from 9.1 6 0.12% (blank group), whereas treatment with GLP-1 alone failed to reduce the HbA lc levels upon rapid proteolysis. Liraglutide induced a 1.01 6 0.02% decrease, which agrees with the reports in the literature. Combined with the changes in the glucose levels and the body weight indices, these results clearly indicate that myricetin exhibits efficient antidiabetic effects while possessing the unique advantages oral administration and a natural origin.
Gene expression of Glut-2 upon the myricetin treatment in INS-1 cells
To determine whether myricetin induces changes in gene expression profiles for pancreatic cells (rat INS-1 cell), the Glut-2 gene was assessed using real-time PCR. Low expression of Glut-2 was detected in untreated ) at the indicated times using a homogenous time-resolved fluorescence cAMP kit. The data are presented as the means 6 SE. P , 0.05. B) The stimulation of insulin secretion by native GLP-1 and mericetin in Wistar rats after oral glucose administration. GLP-1 (100 mg/kg body weight) and myricetin (250 mg/kg body weight) were injected into Wistar rats; glucose was administered intraperitoneally (2 g/kg). The concentration of insulin was measured using a rat insulin detection kit. (Fig. 6) . However, expression of Glut-2 genes in myricetin-treated cells increased nearly 4.9-fold (P , 0.01).
INS-1 cells (control)
DISCUSSION
Class B GPCRs are activating receptors for many endocrine peptide hormones (32, 33) , including glucosedependent insulinotropic polypeptide, glucagon, parathyroid hormone, vasoactive intestinal peptide, secretin, corticotropin-releasing factor, calcitonin, and GLP-1. The endogenous ligands of class B GPCRs are typically 30-40 amino acids in size, which limits their clinical applications owing to poor stability and the requirement of injections (32) , like GLP-1 peptide. Unfortunately, traditional small-chemical molecules minimally modulate the activities of class B GPCRs because of the unique structural architectures and activation mechanisms used by these GPCRs (33) . Although many efforts have been made to screen smallclass B GPCR agonists, much difficulty has been encountered in identifying small organic molecules by class B GPCRs. Recently, substantial progress was made in the generation of small-molecule agonists of GLP-1R, such as substituted quinoxalines, pyrimidine derivatives, and a cyclobutane derivative (Boc-5) (34) (35) (36) . The quinoxaline derivatives exhibit chemical similarities to the pyrimidine derivatives in terms of the manner of activation of GLP-1R. Quinoxaline derivatives of GLP-1R agonists have been hypothesized to bind in a pocket formed by the first and second extracellular loops of the juxtamembrane regions of GLP-1R (34) . Another GLP-1R agonist, Boc-5, has physiochemical properties that probably make it unsuitable for oral administration (34, 36) .
The known physiologic functions of GLP-1 suggest that it plays a critical role in the regulation of glucose homeostasis and is thus a feasible candidate target in the treatment of T2DM (37, 38) . In addition to its potential role in the treatment of T2DM, GLP-1 is also presumed to affect cardiovascular function or CVD because GLP-1R has been identified in the heart, kidneys, and blood vessels. A preclinical study of GLP-1 derivatives approved by the U.S. Food and Drug Administration provided evidence that GLP-1 favorably affects endothelial function, sodium excretion, recovery from ischemic injury, and myocardial function in animals. Preliminary data also suggest that GLP-1 reduces markers of CVD risk, such as C-reactive protein and plasminogen activator inhibitor-1. Ongoing studies are examining the effects of the administration of GLP-1 to patients who are at risk of CVD, A) The long-lasting glucose regulatory effect of myricetin in ZDF rats. The results indicate that the myricetin-treated ZDF rats maintained relatively constant and lower glucose levels than the control rats, similar to rats treated with liraglutide. Native GLP-1 failed to produce a similar glucose regulatory effect. B) Body weight changes after the myricetin treatment in ZDF rats. postangioplasty patients, post-CABG patients, and patients with heart failure (39). Despite its attractive physiologic characteristics, the therapeutic potential of native GLP-1 is limited by its short lifetime (,2 min) in vivo. This rapid in vivo clearance rate is due primarily to rapid enzymatic inactivation by DPP-IV (40) and a renal clearance ,10 min (41). To provide clinical utility, therapeutic derivatives of human GLP-1 require extended half-life properties or oral administration. To date, many efforts have focused on altering the pharmacokinetic properties of GLP-1 and screening novel chemical agonists of GLP-1R. Along with the development of novel drug carrier, oral preparations of GLP-1 were also developed, such as TTP-054 or TTP-273 from VTV Therapeutics (High Point, NC, USA) and Exendin-4 from Oramed (Jerusalem, Israel) (42, 43) .
The findings of the present study demonstrate that the modulation of GLP-1R with myricetin is feasible. Myricetin is a bioflavonoid that is abundant in tea, berries, fruits, and vegetables (44) . Myricetin has been described as a promising therapeutic agent for the treatment of T2DM, but the effects of myricetin in animal models of T2DM are not fully understood (45) . Evidence has demonstrated that the injection of myricetin enhances insulin activity in rats that are receiving fructose-rich chow (46) . Chang et al. (47) found that dietary myricetin decreases the body weight and improves the blood lipid profiles of rats fed a high-fat diet. We found that myricetin induced glucose-dependent insulin secretion in vitro and in vivo. The single-dose glucoregulatory assay revealed the blood glucose clearance activity of myricetin, and the time frame of this effect was likely 8 h, which suggests that this dosage of myricetin could be administered twice daily. Notably, myricetin failed to exert its glucoregulatory in GLP-1R-deficient GLP-1RKO mice, strongly demonstrating that myricetin is an agonist for GLP-1R (Fig. 7) . The numerous physiologic profiles of the ZDF rats after long-term treatment with myricetin indicated that the glucose-regulating properties and body weightcontrolling activities of myricetin were similar to those of other GLP-1R agonists, such as exenatide, liraglutide, and albiglutide. In addition, myricetin did not retard the proteolysis property of DPP-IV, a main endogenous protease against GLP-1. The incubation of myricetin had no effect on degradation assay of GLP-1 by DPP-IV in vitro (Fig. 8) . However, the treatment of myricetin in Wistar rats did not induce the secretion of leptin in comparison with that feature of GLP-1 (Fig. 9) . Together, these findings support the notion that myricetin activated GLP-1R and subsequently stimulated the secretion of insulin. The glucose-and body weight-controlling properties of myricetin make it a potent, natural-origin, noninjection antidiabetic candidate drug for T2DM treatment.
In summary, myricetin was determined to be a small-molecule chemical agent that activates GLP-1R, and its physiochemical properties suggest that myricetin could be the first natural agonist of GLP-1R that can be orally administered. However, the potency and pharmacokinetic properties of myricetin might require optimization for further clinical development. Additionally, many more structural details regarding the binding of myricetin to GLP-1R require clarification via mutation studies or computer simulations. Improved understandings of the pocket and the mechanism of activation will facilitate molecular modeling strategies for the development of more potent small-molecule GLP-1R agonists. Structural modifications of myricetin might be beneficial to our understanding of the interactions between myricetin and the receptor and thus 
